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BEACH EROSION MODEL (EBEACH)

I. INTRODUCTION

At present, the mechanics of sand transport in the surf zone and on the
foreshore are not known with certainty. Field measurements of beach profiles
and plan forms have been widély used to identify erosion trends; however, few
detailed pre-and post-storm profiles exist from which empirical relationships
can be developed. Theoretical expressions have been developed to explain bed
load and suspended load sediment transport for both the fongshore and onshore-
offshore modes. Again, however, field data from severe storms are not available
to verify these theoretical equations. Laboratory experiments in small and large
scale wave tanks have also been used to simulate prototype conditioﬁs, but thé
extension of these laboratory results, to predict erdsion in nature, has not a]ﬁays
been successful.

In general, it is known that as the water level rises during a severe storm,
waves attack the berm or dune and large quantities of sand are transported offshore,
either suspended in the turbulent water column or concentrated as bed load. At
the seaward edge of the surf zone, the first breaking of'the incoming waves
effectively 1imits offshore sediment transport. While localized currents resulting
from nearshore water surface gradients surely move some sediment beyond the breaking
depth, most sand is deposited near the break boint in the form of a bar. If no
sand is gained or lost in the longshore direction, it'may be argued that the
idealized beach response results in a redfstribution of sand over the surf zone,
as the profile adjusts to a more stable form. If no overwash occurs, then the
sand mass is conserved in the surf zone such that the volume deposited offshore
equals the volume eroded onshore.

From this arguement, several beach erosion prediction methods have been
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developed. These methods are based on the assumptions that: (1) sand %s

conserved in the onshore-offshore direction and (2) the beach profile may

be represented in schematic form, in which both the pre-and post-storm profile

shapes are known. It is well known that Beaches seem to reach seasonally stable
shapes. In Figure 1, the "summer" or normal beach typically has a broad berm

| and a smooth profile, the resu1i of onshore sand transport during a relatively

mild wave climate. In contrast, the "winter" or storm beach may be characterized

by a narrow berm and offshore bars, the result of offshore transport from the

beach face to the seaward edge of the surf zone by larger waves from winter

storms.

T ST /—.’NGRMAL (SUMMER) PROFILE
TN STORM (WINTER) PROFILE

Figure 1 .Seasonal Change in Beach Profile

Fenneman (1902) observed that beaches also exhibit a characteristic
"profile of equilibrium”, in which the entire beach profile reaches a state of
equilibrium for the given sediment size, wave characteristics, and nearshore
currents. If irregularities in the profile, such as'troughs and bars, are

smoothed, beaches may be considered to reach dynamic equilibrium, in which the



- profile shape, relative to the mean water level is maintained as the entire
profile slowly moves landward and seaward in response to changing hydraulic
conditions. This concept of a unique equilibrium profile shape for any sediment
size, has resulted in several highly ideaiized methods for predicting beach
changes due to changing water levels and wave heights.

1.1 Schematic Erosion Prediction Methods

Bruyn (1954) discovered that beach profiles from the coasts of California
and Denmark exhibited similar shapes. From these profiles, an empirical expression

relating water depth, h, to the distance offshore, x, was developed such that:

h = szl3

(1)
in which A is a coefficient that relates the steepness of the profile to the
given sediment characteristics. This general profile form is represented in

Figure 2.

Figure 2 Bruun's Equilibrium Beach Profile



Bruun (1962) proposed that, for the two-dimensional case in which;
Tongshore sediment transport gradients do not exist, beach erosion due to a
slow sea level rise ié predictable since the profile geometry is always known
relative to the still water line. As i11u§trated in Figure 3 , for an increase
in the water level, S, the profile must be shifted upward by an equal amount,
Ssto maintain the same re1ati§e vertical position. Since this net upward motion
requires a considerable addition of sand in the offshoré region out to the depth
of closure (about 30 feet) the beach must reéede”by a distance, R, to provide the
necessary sand volume. By equating the volume of sand eroded onshore with the
volume of sand deposited offshore, the beach recession may be predicted for any
given water level rise. Bruyn estimated that for a 6 mm/yr rise in water level
'in southeast Florida, a 2.0 to 2.5 ft/yr recession ié redhired to maintain
equilibrium. This is in general agreement with the l.O‘to 3.0 ft/yr average

recession observed on most of the East coast of Florida.

EQUILIBRIUM.

PROFILE AFTER
~a WATER LEVEL RISE
INITIAL
EQUILIBRIUM

PROFILE

Figure 3 Bruun's Response of Equilibrium Profile to Sea Level Rise



Edelman (1968) observed many beach changes during storms in the Nefher]ands
and suggested that: (1) the post-storm beach profile shape is mainly the result
of wave transport of sand perpendicular to the coast, and (2) the short-term,
ie. storm duration, transfer of sand occurs from the dunes offshore to the edge
of the surf zone, where it is limited by the incoming shore-breaking waves.

By using an idealized profile representations in Figures 4a and 4b, Edelman
predicted maximum dune erosion due to specific storm conditions by balancing
eroded and accreted volumes to satisfy continuity.

Edelman (1972) subsequently modified his earlier work to incorporate:

(1) time dependent erosion, and (2) concave-upwards beach profiles as sugguested
by Brunn and as observed in nature. With a profile shape, given in Figure 5,

which the curve AB can be determined empirically, Edelman theorized that the

erosion process could be represented’by shifting the profile horizontally, with
velocity u, and vertically, with velocity v. By assuming that the profile ‘
"keeps up" with or moves at the same speed as the rising water level, the recession
occuring during any time, At, is determined by balancing volumes. The results

of this ana]&sis yielded predicted recessions that were much larger than those
observed during actual storms; Edelman concluded that erosion does not occur

as fast as the water level rise.

Swart (1974) analyzed numerous small and 1arge-sﬁa1e laboratory experiments
and combined the concept of a concave-upward equilibrium profile shape with a
simple onshore-offshore sediment transport theory, in the first schematic erosion
prediction method to include a time-dependent mechanism of sediment transport.

In Figure 6, Swart defined three regions of sediment trﬁnsport in the beach
profile: (1) the backshore, above the wave run-up limit, in which only wind-blown
transport occurs, (2) the transition area, seaward of the offshore limit of the
surf zone, in which only bed load transport occurs, and (3) the developing or

D-profile, including the surf zone and the swash zone, in which bed load and

-5-
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suspended load transport due to breaking waves occurs.
By assuming that a stable, equilibrium profile is eventually attained,

Swart developed a simple equation for sediment transport in the D-profile:

Sy = Sy(Rw - Rt) (2)

in which Sy is a time dependent sediment fransport flux in the D-profile,

sy is a transport rate coefficient dependent on specific boundary conditions,

- Rt is a time dependent parameter related to the sediment transport flux, and

Ry is the equilibrium value of Rt. Note that in this expression Swart relates

the total sediment transport flux to the disequilibrium of certain surf zone
parameters. Swart then proposed that equation 2 could be defined in the
D-profile of Figure 6, such that a schematic length (L2 - Ll)t and an equilibrium

value of (L2 - Ll)’ or W, represented the sediment transport mechanism, thus:

Sy = sy [W - (L, - L1)t] (3)
Swart (1974), (1976), developed lengthy, complex empirical relationships
to define the D-profile, sy, and W, in terms of deep water wave characteristics,
sediment size, and berm height.
Dean (1977) developed theoretical expressions for possible mechanisms
causing equilibrium beach profile shapes. Three possible causes were considered:
(1) longshore shear stress in the surf zone;
(2) wuniform wave energy dissipation over the surf zone plan area;
(3) uniform wave energy dissipation per unit volume of water in the surf
zone.
Using linear wave theory, Dean found a theoretical form of the beach profile
to be:
h = A" (4)

in which A is a shape factor dependent on sediment size, and m is an exponent
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for the profile curvature, such that m equals 0.4 for causes (1) and (Z)Lgiven
previously, and 0.67.f0r (3).

Upon analysis of 502 beach profiles along the U.S. Atlantic and Gulf
coasts, Dean determined the best-fit empirical exponent, m, to be 0.6 to 0.7.
This seemed to confirm Bruun's original profile shape in Figure 1 and also
identified uniform wave energy dissipation per unit volume as the best explana-
tion of the profile shape.

In a geometric analysis similar to that used by Edelman (1972), but for a

simple square-berm profile, Dean (1976) analytically integrated the eroded and

accreted volumes, and found the maximum "potenﬁia]" berm recession as a function
of wave height, berm height, water level rise, and the A §oeff%cient as in
Figure 7. Dean plotted the.dimensionless water level rise, S' = §/B,
versus the dimensionless breaking depth,. hé = hb/B’ and developed curves for
the dimensionless berm recession, R' = R/wb, in which wb is the surf zone width
defined by the breaking depth and the A coefficient. Dean's method allows fast
prediction of the maximum berm recéssion for a highly idealized profile geometry
but does not include time dependence.

For storm surge-erosidn prediction, Chiu (1977), has found that both
Dean's method and Edlman's method over-predicted the actual erosion occuring
during Hurricane Eloise, by and much as a factor of five. It seems clear that
the rise and fall of water level occurs too quickly for the maximum erosion
protential of the peak surge height to be realized. Since most predictions are
based on a steady-state maximum storm surge is not surprising that the
predicted maximum erosion is often much greater than observed in nature.

Of the schematic beach erosion methods described, none is well verified

or completely adequate for general practical application. As mentioned, Edelman

and Dean do not include realistic time dependence of the erosion process. Dean
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and Swart do not include realistic beach face representations and only;Ede1man's
method may be applied to ané1y2e dune erosion. While Swart makes significant
advances with the inclusion of a time dependent sediment transport mechanism,
the complex, interrelated empirical parameters used in the solution prohibit
easy application.

In the state of Florida, another prediction méthod is also available,
Chiu (1972) has developed a modified form of Edelman's (1968) scheme, in which the
actual pre-storm profile is approximated by a linear offshore profile, a sloping
beach face, and a vertical dune face, illustrated in Figure 8. To find the
beach recession or eroded volume, ihe post-storm profile is represented by
linear bottom slope that intersects in peak storm surge elevation. This
solution is carried out by computer and has been found to be a good approximation
for some storm conditions. |

1.2 Proposed Method

This report summarizes the development of an alternative schematic method
of predicting beach and dune erosion due to changes in water level and wave
height associated with severe storms. This method differs from previous methods
in that it is based on:

(1) more realistic representations of the beach profile, including sloping beach
and dune faces;

(2) a general mechanism for onshore-offshore sand transport in the surf zone;

(3) the time history of the storm surge, such that the time-dependent shoreline
response is predicted. |

From preliminary results, this model agrees both qualitatively with observed

erosion from Hurricane Eloise.

In general, the model uses a steady state solution of simplified finite ‘

difference equations that describe equilibrium beach profile evolution. From

-12-
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Dean's theory, where wave energy dissipation per unit volume in the surf zone

governs profile form, a sediment tranSport equation maybe proposed of the form:

where Qg is the volumetric sediment transport flux in the onshore-offshore
direction, K is a transport rate parameter, and (D - Deq) represents the excess
energy dissipation per unit volume during storm conditions. This equation is
solved simultaneously with the equation of continuity for sand transport normal

to the shoreline:
g | (6)

This ensures that: (1) sand is conserved, i.e. the eroded volume equals the
deposited volume and (2) time dependence is included.

Three general types of input are required. First, the actual pre-storm
profile is represented in schematic form, as illustrated in Figures 9a and 9b.
The initial dune profile is approximated by a constant dune height, hb, and
uniform dune face slope, MD. ForeShore geometry is expressed as a uniform slope,
MB’ and a berm height, hB. To accomodate a variety of profile forms, the
berm width, wB, may be varied to simulate a wide berm or to simulate a concave
profile form with a break in slope between the beach and dune faces. Offshore,
the profile is approximated by the equilibrium profile shape

h = Ax2/3 (7)
which is defined by Dean (1977). Second, for specific applications the storm
surge hydrograph is required, since the water level at each time step govérns

profile change. As a third input requirement, wave height values may be input either

at each time step or in the form of a constant design wave height. In terms of the
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Figure 9b Schematic Beach-Dune Profile with no Berm
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numerical solution, the total water level at each time step may be thou§ht
of as the driving force inducing profile change with the wave height serving

as a boundary condition limiting the active surf zone width.
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II. EQUILIBRIUM BEACH PROFILE THEORY
As a wave breaks over a sloping bottom, energy is dissipated in the form
of turbulence and bottom friction. In general terms, this net energy loss in
some control volume of unit width, h ax, may be expressed by the change in
energy flux over the volume. The energy dissipation per unit volume, D, may

be expressed as:

p = Fx f_Ax),— F(x) (8)

h Ax

where F is the ehergy flux at the volume boundary and is defined as positive
in onshore direction,.and h is the average depth over-fhe distance, ax. In

differential form, the energy dissipation may be given as:

(9)

= [
@l
Xlﬂ1

From linear wave theory, the energy flux is equa] to the total wave energy;
E, times the speed at which the wave energy is transmitted, the group velocity,
Cg. Thus,
F = ECg (10)
In the surf zone, the energy flux may be rewritten in terms of the water
depth only. Employing both the shallow water and spilling breaker assumptions,

Equation (10) is found to be:

F =%YK2 91/2115/2 (11)

where « is taken as 0.78 and y is the specific weight of sea water.
By substituting this last expression for the energy flux into the differential
form of the energy dissipation to be dependent on the water depth and bottom

slope:

=2 2 1/2,1/2 3
D =g e’ g/opt/e (12)
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From this expression Dean determined the theoretical beach profile shape

resulting from uniform wave energy dissipation per unit volume in the surf

Zone as:
h = ax2/3 (13a)
in which 2/3
A= [3-4-—-2-'%-/2] _ (13b)
5 vk g

Dean's results seem to confirm the equilibrium profile shape suggested by
Bruun where A is a shape parameter dependent on the sediment size.

Dean (1977) performed a least-squares analysis of 502 beach profiles from
the East and Gulf coasts and determined the best-fit A parameter for each
profile. In similar analysis, Hughes (1978) and Moore (1982) extended the
empirical results to include a wide variety of sand grain sizes. In Figure 10,
Moore (1982) presents a summary of these results in which the shape factor, A,
is plotted versus grain size. In Figure 11 thé equi1ibrihm energy dissipation
per unit volume is plotted versus grain size based on the A values in Figure 10
and Equation 13b. It is also possible to perform a least squares or similar

analysis to determine A from a recorded offshore profile.
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ITI. SEDIMENT TRANSPORT EQUATION

It was noted that Swart calculated the time-depgndent profile change using
a sediment transport relationship in which the sediment transport flux is
dependent on the disequilibrium of the surf zone system. With Dean's theory
that the equilibrium form of beach profiles results from uniform wave energy

dissipation per unit volume, a similar sediment transport equation based on the
disequilibrium of the energy dissipation may be proposed as:

Qg = K(D - Dgg) (14)
In this expression, Qg is the volumetric flux of sand; K is a transport rate
paraméter, D is the actual enérgy dissipation, and Deq is the equilibrium energy
dissipation obtained from Figure 11.

With Equation (14 ), if D is greater than Deq then Qs is positive and
offshore. For example, in Figures 12a and 12b, consider a pfofile initially in
equilibrium with a constant breaking wave height, HB and constant breaking deptﬁ
hB. If the water level is increased, then waves break»clqser to shore and
the surf zone width is decreased, concentrating wave-energy into @ smaller region.
This causes the energy dissipation per unit volume to increase. Likewise, note
in Equation (13a) that the energy dissipation is slope dependent. With a water
level rise the local slope for any water level, h, is greater than the equilibrium
slope, thus the calculated energy dissipation must be greater than equilibrium.
Clearly, the original profile is not in equilibrium relative to the increased water
Tevel; thus, to regain an equilibrium position, the system requires offshore
transport, such that sand is moved from the beach face to the offshore limit of
the surf zone. Dean (1976) disscusses many similar qualitative examples of the
usefu1néss of the energy dissipation theory in predicting beach profile changes,
for a variety of changes in water level and wave height. Equation (14 ) can bé

used to explain most of the prdfi]e changes, including onshore sediment transport
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Figure 12a Equilibrium Profile Subjected to Increased
: Water Level Showing Decreased Surf Zone Width

Figure 12b Equilibrium Profile Re-Established
Relative to Increased Water Level
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if the water level drops relative to the equilibrium profile, and evolution of
a linear beach fill to an equilibrium shape, as in Figures 13a and 13b.

Assuming that the empirical determination of the A parameter and the equilibrium
energy dissipation Deq are valid, then only the transport rate parameter, K,
must be determined to fully quantify the transport equation. It is evident in
Equation ( 14 ) that K relates the excess energy dissipation to the combined
suspended and bed load transport resulting from the destructive forces in the
surf zone. Swart (1974) found the onshore offshore transport as a complex
empirical function of both wave and sediment characteristics. Given the form
of Equation (14 ), it appears that, since energy dissipation is a function of
sediment size, water depth, and the breaking wave type, spilling breaker, the
transport parameter must be either a constant or a function of other wave
characteristics, i.e. period or steepness. Unfortunately, theoretical relationships
or empirical results from pre-and post-storm profiles to determine K are beyond
the present state-of-the-art.

Moore (1982) has determined empirical values of K that give good agreemeht
with erosion rates found in the laboratory and in nature. Using a numerical
model for onshore-offshore transport based on Equation (14 ), but that included
a detailed simulation of breaking waves and bar formation, Moore simulated the
large scale laboratory tests of beach profile evolution conducted by Saville (1957).
These tests resulted in a constant value of K, 2.2 x 10'6 %ﬁ or 0.001144 ;%ﬁ
for both 0.2 mm and 0.4 mﬁ sand, seemingly verifying that K is independent of

sediment size of Figure 14. Likewise, Moore simulated profile changes occuring

over one year at Santa Barbara, California, using daily average wave characteristics.

These results seem to further indicate that K is independent of wave characteristics.

-24-



—gz—

ErOSION lﬁ’lu)

CUMULATIVE

30
‘_." s
28 ;_,__.._...n:'—--“"
’./"‘.‘-;' P
- - K
. ‘ -
4 ,/ . P ',.’4-"‘"‘
- - ” -
/‘, ." pad P
- P "
20 K _o‘ ,1', ,".
1 /" R ’./.
/ .a‘ ”” ,!"
. 3 o { votume Eropeo)
.,. 'o",-’ ."’
Ve A -t
15 e o"’.’ ',r"
A A A
o -
7 R '
/ : -
/ -;.'f",.v"' $ —e—e=  SAVIMLE
- ¥ -
] K4 R 1 ~t=im K= 20x% 10
10 / Lo -6,
,. ’;’.?'. , ——— e K. 2.2 x IO .
/L 3 -~==~ K=24x3;0
s
»”,
s - l! ‘,/0_// v {units of K3 mé/N)
.
4
é;} *Bast Fit #12
o; e e S S s S e e o S e
] 10 13 20 23 30
TiME [HOURS)

Figure 14 Effect of Varing the Sediment Transport Rate Coefficient on
Cumulative Erosion During the Simulation of saville's (1975) laboratory
Investigation of Beach Profile Evolution for a 0.2 mm Sand Size.



IV. NUMERICAL SOLUTION OF CONTINUITY EQUATION
In addition to the transport egquation, schematic beach profile changes are
governed by the continuity equation for conservation of sand in the surf zone.
In general, the change in depth of any point in the surf zone over time is the
result of gradients in the flux of sediment which, for the onshore-offshore

nroblem considered here may be given as:

Q
8X _ _ s
== (15)

where the minus sign is consistent with the definition of the sign of the
depth, h. For numerical application, the surf zone may be represented by a
series of cells in which the incremental change in depth, Ah, is uniform, as in
Figure 15. With this definition, hn is the water level, referenced to mean
sea level, at the grid point, n. The storm surge, or. departure from mean sea
level, is represented by n, and the total water depth at the grid point, h; s
equals hn + - The distance from the shoreline datum to the grid point, Xp,
is determined initially from the equilibrium profile form.

In finite difference form, Equation 15 can be expressed as:

L0
e (16)

where AX, is the change in position of the elevation contour as the water level
remains constant over the time step. In this model, wave setup in the surf zone
and wave runup on the beach face are not considered. Therefore, n is uniform

throughout the surf zone and Equation 16 reduces to:

Q Q
At Ah : )

From this expression, it is clear that if Qs > Qs there is a net

n n+l?

addition of sand to the cell and the contour advance offshore,a AX,, is positive.
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If an< an+1 there is a net loss of sand from the cell and the Xn coﬁtour

recedes. As an = an+1 = 0, the system reaches equilibrium and wave energy
is effectively dissipated over the cell volume without a net gain or loss of
sediment. |

The solution for beach profile response may be obtained from the implicit

solution of the two governing equations:

Q Q
AXn ) sn . anl_1
At Ah (18)
and
Q.
Sy = K(D, - Deq) (19)

Substituting Equation 19 into Equation 18, the contour retreat or advance can

be expressed as:

’ _ KAt
&Xn = Zn [Dn - D‘n+1] (20)

While this form appears quite simple, the implicit numerical solution for the
energy dissipation per unit volume is rather detailed.
First, it is convenient to rewrite the finite difference form of the energy

.dissipation per unit volume occuring in some cell:

Fn+1 - Fn : (21)

Dh+1 ) %ﬂhn+1 * hn) (xn+1 - Xn)

From Equation 11 for the energy flux, this energy dissipation can then be

expressed in terms of water depth and x distance only as:

5/2 5/2
h - h
D,y = kil T (22a)
(hn+1 * hnj (Xn+1 - Xn)
where
kd = 3ve° g'/? (22b)
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Substituting Equation 22a into Equation 20, the solution for AXy is now a
function of both the position and depth of adjacent grid points:

5/2 5/2 5/2  5/2

_ Kat | Roer = Ny

Bn = zn | (o) (n” Forl) Kd (s ¥ B (el - %o (23)

h

It is important to note that in the solution scheme, water depths, hn+1’ n

and hn-l are constant over the time step in the steady state solution. However,
horizontal positions, Xp+1, X and X,.1 vary as time progresses. Preliminary
numerical solutions using constant X positions proved to be highly unstable;

therefore, an average value of X over the time step

AX

= _n
Xo = Xn * 3 (24)

was introduced in an effort to achieve unconditional stability.

In Appendix A, Equation 24 1is substituted into Equation 23 and it is

" shown that the resulting solution is of the form:

Ao aX . +B aX +CoaK =1 (25a)
where
Dn »
A = -8B z——————————y (25b)
n Xn - Xn-l
D D
.n+l
B =1+B[ n + it ] (25¢)
n TR R R
D
n+1
C o= - (25d)
n+l n
_28(Q )
Zn TTK ( Sp+1 T qsn (25e)
B ’—% (25F)

This solution represents the matrix multipiication of the variables,

B .

AXp-1s 8Xps and AX,.7 with known coefficients, A ns» Cps and Z .. While all

n!
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coefficients are dependent on the energy dissipation per unit volume, ih acts
as the driving term in the equation and represents the net sediment flux over
the cell. Thus, any perturbation in the system that causes gradients in the
sediment transport also causes a change in the profile position.
To solve Equation 25a, a recursion formula must be introduced:
Mip-1 = Ep Xy + Fp (26)

in which one unknown AXp-1 is given in terms of another unknown, aX,.

Substituting this form into Equation. 25a results in:

_ -Cn - Zpn - ApFp
An = [ Bp + AnEnJ Mnsy * [ By * Apky ] (27)

Comparing Equation 27 to the recursion relationship, it is clear that

-C
E = __._Yl_..—
n+l By + Ankp (28a)
and
Zn nFn
Fre1 = ‘ﬁz—:fﬁ;f; {28b)

Since all Ay, By, Cy, and Z, coefficients are known, a double sweep solution
may be employed as follows:
(1) From and onshore boundary condition, specify Ei'and Fl' In sweep
number 1, all Ep4y and Fpyp coefficients are calculated according
to Equations 28a and 28b.
(2) From an offshore boundary condition, specify that some aX.; offshore
equals zero. In sweep number all AX, values may be determined according

to the recursion relationship.
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V. INITIAL PROFILE AND SOLUTION DOMAINS

As mentioned, this model allows schematic representations of a complex
berm-dune system onshore and a concave-upwards profile shape offshore. In
Figures 9a and 9b, the dune is approximated with a constant dune height, hD’
and a uniform dune slope, MD. The berm with, wB, may be varied to simulate a
variety of initial profile configurations. Likewise, the constant berm height,
hB’ and a uniform beach face slope, MB are required. To achieve continuity in
the profile, the linear beach face slope is assumed to intersect the equilibrium
profile at some depth, h*, such that there is a continuous decrease in slope
in the offshore direction. Table I summarizes this depth of intersection
for a variety of sand grain sizes and possible beach slopes.

With this basic profile definition, the double sweep solution is valid
from h* seaward to beyond the breaking depth. This region is governed by the
energy dissipation and is termed the dynamic solution domain. From h* onshore,
any number of simulation schemes may be employed. In this model, this region
is defined as the geometric solution domain and is governed by the continuity
equation only, since the energy dissipaﬁion per unit.vo1ume is not defined above
water line according to the governing equations. In a more advanced model, it
is anticipated that a more complete swash zone transport relationship and a
variable upper 1imit of wave induced transport may be introduced. For now,
beach slope is kept constant as the beach face recedes uniformly. Similarly,
for more severe storms, the dune slope is kept constant as the dune face recedes
uniformly. This representation does not always represent nature, where the eroding
profile steepens; however, it seems to give good agreement for eroded volume and
an order magnitude agreement for contour erosion. It is anticipated that

statistical or empirical corrections can be developed to adjust the uniform slope

recession to better represent natural steepening.
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Table I

HSTAR Values Versus Beach Slope and Sand Grain Sizes
(Based on Moore's Sand Grain Size Versus Energy Dissipation)

Sand Grain
Size Beach Slope
1 1 1 1 1 1 1 1
DIA (mm) T ¥ To Iz - T5 70 30 70
0.2 0.0 0.0 0.0 0.0 0.0 0.5 0.5 1.5
0.3 O.Q ‘0.0 0.5 0.5 1.0 1.5 4.0 -
0.4 0.0 0.5 0.5 1.0 1.5 3.0 ——— -
0.5 0.5 0.5 1.0 1.5 2.5 f.. e -
0.6 0.5 1.0 1.5 2.0 —— -——— _——- ———
0.7 0.5 1.0 1.5 2.5 ——- ——- ——- -—
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5.1 Boundary Condtion$

Two types of boundary conditions are required for the double sweep solution.
In nature, onshore-offshore sediment transport is zero at the top of the berm
(in the absence of overwash), is maximum somewhere between the swash zone and
the break point, and is zero again at some point seaward of the breaking depth.
Therefore, Qs = 0 is the formal boundary condition for both onshore and
offshore 1imits of the profile in the numerical model.

As mentioned, the dynamic solution extends from h* offshore to the breaking
depth. One feature of the finife-difference solution is that large discontinuities
may exist in the sediment transport function at h*, at the breaking depth, and
near the peak of the Qs curve. To eliminate these sharp jumps, a smoothing function
is applied to the transport curve. This serves two purposes:

(1) to spread, the sediment transport over adjacent cells, broadening

the curve and reducing the péak;

(2) to extend the transport curve beyond the breaking depth, helping to

ensure a smooth transition in this region.

Onshore, uniform recession of the beach/dune face is ensured by extending
the Qs curve linearly from h* to zero at the top of the berm/dune. This also
serves two purposes:

(1) providing a smooth transition in the Qg curve at h*;

(2) ensuring that all Zn on the beach/dune face are equal.

In terms of the numerical model, the onshore and offshore boundary
conditions may now be specified. First, in Sweep #1, the E and F coefficients

are defined down to h* as:
Ey =0 (29)
Fn=1n - (30)
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From this condition, E and Fr41 May be determined by the dynamic caftulations
out to beyond the breaking depth. Offshore, at the point where Qg = 0, there

is no wave energy dissipation and no sediment transport. In Sweep #2, all

Axn- for this point seaward are defined equal to zero. Then according to the

recursion relationship, aX values are determined in the landward sweep.

n-1

At the end of each time step continuity requifes that the total eroded
volume must equal the total deposited volume. During the onshore sweep, the
net change in volume from offshore up to the point h* + Ah determines the volume
that must be eroded to achieve continuity at the top of the berm/dune. This
volume is distributed equally among the grid points from h* 1andﬁard, ensuring
that the beach/dune face recedes uniformly. This procedure is reguired because
the discrete nature of the sediment transport function can cause the grid point
at h* to erode beyond adjacent, grid points, resu]fing in an unstable, and
unreasonable, numerical.solution..

As with most numerical solutions, a stability criteria can be found for
selecting a stable time step. In Equation 23, the coefficients are dependent
on the relationship of the time step to the horizontal grid spacing. Through

extensive testing of the model it has been found that:

Kat
|

is required to avoid numerical instability. In particular, with a linearly

< 0.25 (31)

sloping beach/dune face, the minimum grid spacing in this region governs the
stability. It might be noted, that while the implicit solution scheme was used
to avoid instability, a Taylor series approximation used in the derivation in
(Appendix A) seems to introduce the instability at large time steps. In

program application, time steps must be reduced when simulating steep dune slopes.
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5.2 Simulation of Erosion Process

With the complex berm-dune .configuration in Figures 9a and 9b, several
erosion scenarios may be simulated:

(1) erosion of berm only, for cases with wide berm;

(2) erosion of the berm which then exposes the dune to subsequent

erosion;
(3) erosion of entire beach face-dune face, for cases in which no berm
is present.

Therefore, in the model two conditions are monitored:

(1) the surge height, S, relative to the top of the berm elevation, hB;
(2) the berm width, Wp -

Consider the case .in which the berm width is wide and a distinct berm
is present. In this case, any water level rise up to but not exceeding the
top of the berm is assumed to cause only the beach face to reéede, thus
QS is set equal to zero at the top of the berm. If erosion proceeds until
the berm crest reaches the base of the dune then it is assumed that the
entire beach-dune face erodes uniformly as waves would now run up the face
of the dune. Thus, Q¢ is extended to zero at the top of the dune. In nature,
waves may overtop the berm and erode the base of the dune before the berm
recedes completely. In the model, the geometric solution approximates this
dune erosion only after the berm has receded; however, it is believed that
the critical nature of the berm and the dune, as reservoirs of sand, are
included in a fairly rational fashion.

Now consider the case in which water level quickly rises above the berm

height. First, if this occurs before the berm is eroded to the dune, then

the numerical model will calculate the energy dissipation per unit volume
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between the dune foot and the top of the berm to be less than equi]ibr{um,
implying onshore transport and accretion of the dune face. In nature, any
water level above the berm would allow waves to reach dune foot in a turbulent
bore. From field observations, this results in rapid smoothing of the berm
crest while the dune erodes and steepens. In the model, this process must be
approximated to avoid unrealistic dune accretion; therefore, the berm is again
required to erode completely before dune erosion is initiated. Continuity is
satisfied initially by setting Qs = 0 at the dune foot such that the berm
erodes quickly, then by setting Qs = 0 at the top of the dune to allow uniform
dune recession. If the original profile has no distinct berm width; then the
entire beach-dune face is allowed to erode uniformly by setting Qg = 0 at the
top of the dune. Once again, exact processes are highly approximated; however,
the essential characteristics of the berm-dune system seem to be represented.
As a final note, the recovery process is governed by the same numerical
solution for energy dissipation and sediment transport. While berm recovery
and rebuilding are permitted, dune erosion is considered permanent. Although
the time dependent erosion-recovery process.may be represented by the proposed
transport equation little attention has been paid to the recovery process.
This model is intended only for the prediction of beach recession due to severe

storms and is not intended for simulation of beach recovery.
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VI. RESULTS-GENERAL BEHAVIQR
To observe the general behavior of the numerical so]utidn, consider a
profile in which there is an instantaneous increase in the water level which
is then maintained with a constant incoming wave height. Since the berm
recession is dependent on the disequilibrium of the system, the time-dependent
berm recession in Figure 16 shows that the recession is largest initally, then
decreases as the system approaches equilibrium. With this behavior, the

actual recession approaches the maximum potential recession, R asymptotically.

w ?
This behavior has been verified in the laboratory by Saville (1957), Swart (1974),
and Hughes and Chiu (1982).

Although this ideal behavior is quite simple, it is significant for several
reasons. Because the transport parameter, K, is small, i.e. 0.001144 ft4/1b,
the actual berm recession requires considerab1e time to réach equilibrium. _
Many coastal scientists have observed that erosion occurs at a slower rate than
the change in water level; however, little field data from severe storms is
available to quantify erosion rates. As noted in Chapter I, the beach erosion
prediction methods of Edelman and Dean yield only the maximum potential
recession, here defined as R._. It is clear that without accounting for the
time dependence indicated in'Figure 16, these methods over predict the actual
recession. Because the numerical solution accounts for the time-dependent

recession toward the maximum potential recession, it should allow more

realistic representations of natural beach response.
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6.1 Relative Effects of Water Level and Wave Height

Recalling the finite difference expression for the energy dissipation

per unit volume in some cell;

5/2  .5/2
"ntl "~ My (32)

@n+1 * hﬂ @n+1 - X&

it is clear that each incremental increase in the total water depth, h;

D = Kd

n+l

profoundly effects the energy dissipation, thus, the magnitude of the sediment
transport in the cell. In Figure 17, a plot of the recession curves for several
steady-state water levels with a given breaking wave height reveals that berm
recession varies almost 1inearly with the water level. In-fact, for a given wave
height, the recession at any time is nearly proportional to the change in water level.
This result is substantiated by the laboratory model tests of Hughes and Chiu (1982).
Now consider the same initial profile Qith a given steady-state water
level but with several different breaking wave heights. The primary effect
of increasing the wave height is to change the width of the surf zone and
the offshore 1imit of the active profile. Since the onshore portion of the
Qs curve is not effected by a change in wave height; the berm recession in
Figure 18 is initially the same for each wave height. Only after some length
of time, does the increased surf zone width increase the berm recession, as
the volume of sand required to reach equilibrium is greater for wider surf
zones.
From these results, it is noted that water level behaves as the forcing
function in the numerical solution while wave height acts essentially as a
boundary condition controlling the surf zone width and the total volume of
sand that must be moved to achieve equilibrium. This result agrees well with

lab tests of Hughes and Chiu (1982) where water level was found to be the
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single most important parameter in the storm-surge erosion process. For
the numerical simulation, this result indicates that exact wave height
determination is not critical for data input.

6.2 Relative Effects of Sand Grain Size and Beach Slope

As further support that the numerical scheme correctly simulates natural
profiles, at least qualitatively, consider two beach profiles, both subjected
to the same storm surge level and wave height, In Figure 19, the berm recession
may be compared for the case in which the two profiles have different mean
grain sizes, but the same beach face slope., For this condition, the steeper
profile (050 = 4 mm) reaches equilibrium quickly with a fairly small recession
indicating that beaches with larger sand grain sizes are relatively insensitive
to peak surge duration. Conversely, it is evident that the milder profile

(D, = 0.2 mm) takes langer to reach equilibrium and that the equilibrium

50
recession is much greater due to the wider surf zdne. Thus , the model indicates
that beaches with small sana grain size may experience significant variation
in the magnitude of the erosion depending on the storm duration.

Now, in Figure 20, compare the berm recession for the two profiles with
the same sand grain size but with different beach face slopes. This situation
can occur over relatively short coastal segments where localized changes in
bathymetry, shoreline orientation, or wave characteristics, can cause local
changes in the beach face slope. For this case, the numerical results indicate
that steeper beach faces erode both faster and farther than milder beach face
slopes. This agrees with nature where steep beach faces often'represent a
more unstable profile formation with high erosion potential. This was confirmed

by Chiu (1977) from field observations where steeper pre-storm profile experienced

more erosion than milder pre-storm profiles,
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VII. SIMULATION OF STORM SURGE HYDROGRAPH

Prior discussions have considered only the beach response due to a simple
instantaneous increase in the still water level; however, the time-dependent
recession resulting from the complete storm surge hydrograph may also be
simulated. Conceptually, the continuous surge hydrograph may be approximated
by a series of discrete still water levels in a stair-step approximation. With
this procedure, the solution at each time step this based on the total still
water level during that time increment. As the incremental time step is decreased,
the discrete representation more closely approximates a continous function.

In the numerical model, the solution procedure is essentially unchanged.
The energy dissipation and sediment transport flux are determined from the total
water depth at each time step. Likewise, the breaking depth, hB’ and the
transition depth, h*, are determined relative to the new water level; therefore,
these depths move onshdne and offshore with each new water level and wave height.
Referring to Equation 22a, it is clear that as the water level increases with a
new time step, the energy dissipation and sediment transport values also increase.

Since the dynamic system does not respond at the same rate as the change in water
level, Qs and D are maximum at the time of the peak surge. Thus, the beach
erosion rate is also maximum at this time. Intuitively, since erosion occurs
at a slow rate relative to the water level rise, the peak surge level represents
the stage of the greatest disequilibrium in the system. From the continuity
equation:

83X _ . _S (33)

3Q

it is clear that since the slope of the transport curve, Eﬁi , 1s maximum every-
where in the profile at the peak surge level, the erosion rate, %% , is also .

maximum.
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Suppose for.a moment that erosion occurs instantly such that the maximum
potential erosion for any water ieve] is realized immediately. The maximum
potential erosion curve resulting from an idealized surge hydrograph may be
rebresented as in Figure 21, where the temporal surge profile may define both
the water level and the associated maximum potential erosion at each time step.

With this representation, the time-dependent erosion may be plotted on the same
graph for comparison to both the time-dependent storm surge and the maximum
potential erosion associated with the peak surge level.

Consider the case, in Figufe 22, in which the peak'surge level is maintained
indefinitely, In this case, the numerical results show that the actual erosion |
is much less than the maximum potential erosion for: the duratiqn of the water
1eve1’rise. Only after the peak surge Tevel is maintéined for several hundred hours
of simulation time does the profile "catch up" to the maximum potential value
and attain complete equilibrium for the peak water level. |

Now, in Figure 23, consider the case in which the water level decreases back
to zero such that the peak surge level is maintained for a short time. For the
duration of the water level rise, the recession characteristics are exactly equal
to those noted above and the rate of recession is maximum at the time of the peak
surge. However, as the water level decreases, the energy dissipation and the
sediment transport flux also decrease as the system is brought back toward equilibrium.
As the slope of the transpdft curve is decreased, the recession rate also decreases.

As some point, the instantaneous water level drops to a level at which the
energy dissipation is nearly in equilibrium and the sediment transport curve
is equal to zero in the nearshore region. At this time, %gi is equal to zero,
therefore, the recession rate is equal to zero and the peak recession is attained.
As the water level continues to drop, energy diss%pation per unit volume decréases

below the equilibrium value; hence, onshore sediment transport is initiated and
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the profile begins rebuilding to a new equilibrium form. Hughes and Cﬁiu (1981),
have successfully modeled this behavior in small scale laboratory tests;
concluding that the actual recession at the time of the peak surge is 60 to 90
percent of the peak recession.

In Figures 24'thorough 26, the dynamic érosion response of a beach-dune
profile is illustrated for various storm surge durations. In these examples,

the storm surge hydrograph is idealized by the relationship:

n=4sin2¢t (34)

where the peak surge level is 4 feet and o equals m divided by the storm surge
duration. Together with a breaking wave height of 10 feet, these ideal storm
surge hydrographs are applied to a representative beach profile from the
Bay-Walton county area of Florida.

In order to compare the response of the profile to the various storm surgés,
the equilibrium erosion ﬁonditions are first‘determined for a static water
level of 4 feet and a constant wave height of 10 feet. From this analysis, the
maximum potential vo1umetric erosion for an infinite storm duration, i.e. over
300 hours, is found to be about 28 cu yds/ft. Thus, the right hand axis of
each figure is scaled to display this maximum potential érosion for the peak
storm surge level.

It may be noted that Hughes and Chiu (1981) suggest that the maximum
potential erosion resulting from a gradual water level increase is greater than
that obtained from an instantaneous increase to a static water level. This
may be attributed to increased deposition that occurs in the offshore region
as the breaking depth migrates shoreward as the water level rises slowly. This
effect is also evident in the numerical model results; however, for small
increases in water level and for stofm of short duration, the difference in volumes -

is insignificant.
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In Figures 24 thorough 26, the storm surge hydrograph and the maxfmum
potential erosion are represented along with the predicted time-dependent
volumetric erosion, for storms of 12,'24, and 35 hour durations respectively.
In Figure 27, the results of the three simulations are compared directly to
graphically depict the dynamic erosion response. It is important to note that
the predicted maximum erosion is only 14.2 to 28.5 percent of the maximum
potential erosion.

From these examples, the numerical analysis indicates that the time dependence
of the storm surge erosion process is of fundamental importance in the prediction
of storm related erosion. Specifically, it is evident that:

(1) the actual maximum recession lags the peak storm surge;

(2) the actual maximum recession is function of thé storm duration as well

as the peak surge height;

(3) the erosion rate is dependent on the rate of increa;e of the water

level;

(4) the maximum potential recession predicted by Edelman and Dean is

seldom attained during a typica1 storm surge duration.
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VIII. RESULTS-SIMULATION OF HURRICANE ELOISE

As a preliminary verification of the numerical model, beach-dune erosion
in Bay-Walton County area resulting from Hurricane Eloise is simulated. Hurricane
Eloise crossed the Florida Panhandle on September 23, 1975 and was one of the
most severe storms ever to strike the Bay-Walton County area. While no reliable
tide gage records exist for this area, it appears that a peak storm surge of
8-12 feet occurred over much of the two-county area. Using numerical storm
surge models, the National Weather Service has suggested the peak open coast
storm surge to be about 10.5 feet above mean sea level at the Bay-Walton
County Line. From high.water mark, data, the Mobile District of the U.S. Army
Corps of Engineers estimated peak surge elevations in the area to be 12-16 feet.
While high water mark data does not correspond to the elevation of the peak
surge, it seems clear that a peak surge of 10-12 feet occured near ‘the Bay-Walton
County Line. ‘

Chiu (1977) summarized beach erosion data from Bay and Walton counties,
collected under the Florida Coastal Construction Setback Line Program. Two
years prior to the storm, beach-dune profiles were taken at approximately 1,000 feet
intervals. Also, aerial photographs at a scale of 1" = 100' were taken in the
1973 survey. This data provided the pre-storm profiles and, in the lTow energy
environment of the Gulf of Mexico, were assumed to bé-representativé of the actual
pre-storm profiles. After the storm, similar data were collected; however,
beach profiles were taken up to 3-4 weeks after the storm. By this time some
recovery of the beach face had occurred. While dune erosion characteristics
should be recorded accurately, Chiu notes that both the eroded volume and the
contour advance/retreat of the contours near mean sea level reflect some

beach recovery.
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To simulate these‘beach-dune changes, three types of data are reqﬁired:

(1) the storm surge hydrograph; |

(2) the breaking wavé.height;

(3) the pre-storm profile characteristics.
The storm surge hydrograph was estimated with a Bathystrophic Storm Surge
Model written by the author. To simulate the storm surge on the open coast
near the Bay-Walton County line, the characteristics of Hurricane Eloise at the
time of landfall were supplied as iﬁput to the Bathystrophic model. Since
Eloise made landfall almost normal to.the coast, the peak storm surge was
determined at the point of maximum wind, 20 to 22 miles from the storm center
crossing. At this point,.just east of the Bay-Walton County line, a peak
surge height of 7.5 feet was calculated. Burdin (1977) shows a recorded storm
surge record for Destin, Florida. While this tide gage is located in a bay
and does not reflect the open coast surge directly, an initial water level
rise of from 1.5 to 3 feet is evident up to 24 hours before the peak surge.
By adding an initial rise of 1.5 to 3 feet, the predicted peak surge elevation
agrees well with other predictions. The predicted storm surge hydrograph is
shown in Figure 28. |

The breaking wave height is extremely difficuTt tolpredict with any
reliability. Because of this uncertainty, and because wave height is not of
primary importance in this model, a constant breaking wave height is used for
the duration of the model simulation. Numerical cases were run with breaking
heights 7.5 and 15 feet.

Beach profiles for Bay-Walton County vary significantly in terms of dune
height, beach slopes, and dune configurations. Chiu (1977) and Hughes and Chiu (1981)

give several schematic beach-dune profiles from which a representative or,
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perhaps, an average profile form can be determined. From these sources: the

initial profile was assumed to have an average dune height of 18 feet above mean sea
level and a break in slope at the vegetation line elevation, approximately 7

feet. Average dune face slopes appear to be between 1:4 and 1:2; beach face

slopes average 1:15 to 1:10. This schematic profi]é is shown in Figure 29.

After viewing actual pre-storm profiles from Walton Couhty, this seems to be

a very good approximaéion for several actual profiles. Offshore, the equilibrium

1/3 1/3

profile shape was modeled with A = 0.2055 ft (0.13 m™~) which is empirically

determined for 0.3 mm sand. Hughes and Chiu (1982).found the representative A
parameter for this area to be 0.19 ft 1/3.
In this preliminary verification, 20 test cases are simulated:
(1) to determine the quantitative validity of the proposed model relative
to observed erosion data; |
(2) 1in an effort to display some of the effects of the basic parameters
on the erosion characteristits.
Since exact values of the peak surge, wave height, and beach slopes are not known,
various combinations of 3 beach s1opés, 2 dune slopes, 2 wave heights,and 2 peak
surge elevations are tested. In Table II, the results from each test casé are
summarized, such that the maximum erosion, in terms of contour change and eroded
volume, is shown. For comparison, ave}age erosion statistics presented by
Chiu (1979) are shown in Table III.
Upon inspection, the model results show good agreement with observed average
erosion characteristics. First, consider the beach-dune change as measured by the
volumetric erosion. From the 20 test cases, volumetric erosion varies from 8.3

to 15.3 cu yds/ft; this compares to average values of 7.3 and 8.14 for Bay and

Walton counties. respectively -and anaverage of nearly 10 cu yds/ft near the point
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Table II

Hurricane Eloise

Simulation of Schematic Profile of Bay-Walton County

Beach Dune Wave Peak Contour Advance/Retreat Volume
Slope Slope Heights Surge 15°' 10° 5' o' Eroded
(ft) (ft) _(ft) (ft) (ft)  (ft)  (yd3/ft)
1:10 1:2 7.5 10.5 -22.4 -22.1 -12.7 +22.9 10.8
1:10 1:2 15.0 10.5 -23.0 -22.6 -15.9 +13.8 12.0
1:10 1:4 7.5 10.5 -20.1 -20.8 -15.2  +22.2 10.6
1:10 1:4 15.0 10.5 -20.6  -21.4 -18.4 +13.0 11.9
1:13 1:2 7.5 10.5 -19.1 -18.9 -10.3  +13.5 9.2
1:13 1:2 15.0 10.5 -19.6 -19.5 -12.9 +.2.9 10.4
1:13 1:4 7.5 10.5 -17.0 -17.7 -12.6 +13.0 9.1
1:13 1:4 15.0 10.5 -17.5 -18.2 -15.1 '+ 3.0 10.3
1:15 1:2 7.5 10.5 -17.5 -17.3 - 9.6 +7.5 8.3
1:15 1:2 15.0 10.5 -18.1 -17.8 -11.8 =+ 1.9 9.6
1:15 1:4 7.5 10.5 -15.6 -16.2 -11.7 + 5.8 8.3
1:15 1:4 15.0 10.5 -16.1 -16.7 -13.9 -+ 3.1 9.6
1:10 1:2 7.5 11.5 -29.9 -28.2 -13.1  +29.7 13.3
1:10 1:2 15.0 11.5 -31.0 -29.4 -18.9 +16.0 15.3
1:10 1:4 7.5 11.5 -26.6 -27.7 -16.1 +29.2 13.1
1:10 1:4 15.0 11.5 -27.6 -28.8 -21.9 +14.8 15.1
1:15 1:2 7.5 11.5 -24.1 -22.2 - 8.4 +12.1 10.4
1:15 1:2 15.0 11.5 -25.1 -23.2 -13.1 + 1.0 12.3
1:15 1:4 7.5 11.5 -21.1 -21.9 -11.1 +10.8 10.3
1:15 1:4 15.0 11.5 -22.2 -22.9 -15.8 -1.7 12.4
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Table III

Observed Erosion Characteristics For Bay-Walton Counties

Avg. Contour Advance/Retreat Volume
Location _ 15' 10’ 5! 0 Ergded
(ft) (ft) (ft) (ft) (yd3/ft)
Bay County - 8.9 -23.5 - 5.9 +26.5 7.30
Walton County -12.8 -35.0 -11.3 +22.5 8.14
Bay-Walton County Line ' -20.0 -42.0 - 5.0 +42.0 10.00
(20-22 miles from landfall)
Table IV
Equilibrium Recession For Static Peak Surge Level
Schematic Profile of Bay-Walton County
Beach Dune Wave Peak Contour Advance/Retreat Volume
Slope Slope Height Surge 15° 10! 5! o' Eroded
(ft) (ft) (ft)  (ft) (ft) (ft)  (yd3/ft)
1:10 1:2 7.5 10.5 -115 -110 + 20 +165 45
1:10 1:2 15.0 10.5 -225 -215 -110 + 70 105
1:10 1:2 7.5 11.5 -130 -110 + 45 +160 48
1:10 1:2 15.0 11.5 -250 -230 -100 + 95 115
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of the peak surge. While the predicted values are larger than observed “eroded
volumes, it should be remembered that the post-storm profiles reflect a partial
rebuilding of the profile near the mean sea level 1ine. Post storm profiles
from Walton County show a well defined ridge of sand on the foreshore between
the 0' and 3' elevations. Chiu notes the presense of this ridge and suggests
that approximately 240,000 cu yds of sand were returned to the beach face in
Walton County at the time of post-storm survey. Without this additional sand
volume, the volumetric erosion at the time of thg maximum erosion would be
greater than the eroded volumes present in Tab1e5111; Chiu has estimated that
perhaps an additional 2 cu yds/ft may Have been eroded at the time of maximum
erosion.

From this discussioﬁ; it appears that the model correctly includes
time-dependent erosion such that the magnitude of the eroded volume is essentially
preserved. To further illustrate this, the maximum potential erosion resu]ting‘
from static water level and wave height conditions is presented in Table IV,
for a 1:10 beach slope and a 1:2 dune siope. Comparing these results to the
observed erosion statistics in Table II, it is clear that the maximum potential
volumetric erosion is 5 - 10 times the actual observed values. In contrast,
when the time dependent storm surge levels are considered, predicted erosion is,
to the first order, in agreement with observed values. Thus, it seems that
erosion rates are simulated accurately such that the eroded volume is conserved
in the time-dependent simulation.

NHow, consider the profile response as measured by the contour advance or
retreat. First, it is well known that in nature, an eroding dune face steepens
considerably, sometimes approaching a vertical slope. In Figure 30a, it is
clear that for a water level of about 10 feet the 10' contour would erode

further than the 15' contour, as the latter is subjected to less direct wave
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attack. This behavior is quite evident in the observed erosion data fram
Hurricane Eloise, both in Table III and in Figure 33 from Chiu (1977).

In the numerical model, it has been noted that the dune face is approximated
by a linear slope which is maintained as the dune erodes. Therefore, in
Figure 30b, the numerical solution results in equal recession of the 10 and 15
foot contours for a water level rise of up to 10 feet. For a slightly larger
water level rise, as in the simulated storm surge hydrograph in Figure 28, the
dynamic solution begins to affect the 10' contour as the concave profile shape
is established below the still water level. Thus depending on the initial dune
slope and the peak storm surge duration, the 10' contour recession may be greater
than or less than the 15' contour recession by a small amount.

In the present model, without a rational method of including dune steepening,
the numerical results for dune recession cannot be compared directly to the
observed dune erosion. However, in analyzing the predicted results in Table IIh
with respect to the observed dune recession in Table III, it may be argued that
since the eroded volume is conserved, then the parallelogram approximation of
dune erosion represents an average retreat of the dune face. In other words,
since the volume eroded from the dune face in the model is essentially equal to
the volume eroded from the dune face in nature, then the predicted dune recession
should equal the average dune recession observed in nature. If the recession of
the 10' and 15' contours in Table III are averaged, then the “average" dune
retreat is 16.9 feet in Bay County, 23.9 feet in Walton County, and 31 feet in
the region of the peak surge. Clearly this simple averaging has little physical
significance, however, it does suggest that the model results are of the correct
order-of-magnitude; numerical results range from 15.6 to 31 feet.‘

Again, it is emphasized that the proposed numerical solution accounts fof

time-dependent erosion effects in a rational fashion. In Table IV, the maximum
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potential dune recession due to static peak surge conditions varies froﬁ 120
to 250 feet and requires more than 500 to 1,000 hours to reach equilibrium.
In contrast, use of the storm surge hydrograph to determine the erosion for
the duration of the storm surge, results in predicted values of dune recession
that are 5-10 times less than the maximum potential recession. In Figure 31,
the characteristics of the beach-dune erosion predicted for Hurricane Eloise
are illustrated. Graphically, the difference between this predicted erosion
and the maximum potential erosion for the static peak surge level is depicted
in Figure 32.

In Table II, the results of the numerical simulation of erosion due to
Hurricane Eloise reinforce earlier conclusions that:

(1) the time-dependence of the storm surge-erosion process is critical
for valid predictions of hurricane related beach erosion;

(2) steeper beach/dune slopes erode farther and faster than mild slopes;

(3) the change in water level is the dominant forcing function in the
hurricane-related erosion process, while changes in wave height have
less effect on storm induced dune erosion.

In the previous discussion, it has been noted that the inclusion of the

time-dependent change in the water level represents a significant improvement

in the ability to predict dune erosion associated with the hurricane storm surge.
While the results in Table II represent the solution for idealized test cases, the
close agreement between these results and observed erosion characteristics in

Table III are encouraging. LikeQise, the results in Table IV clearly suggest that
use of the maximum potential erosion may greatly overpredict storm-induced erosion,
especially for a fast moving storm such as Hurricane Eloise.

Aside from the storm éurge duration, the magnitude of the storm surge ha§

a significant effect on the storm related erosion. In Table II, storm durations
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are equal for both 10.5 and 11.5 ft. peak surge levels; however, it is;C]ear
that both volumetric erosion and contour recession are greater for the larger
storm surge. This result is significant when compafed to the erosion changes
that result from a doubling of the wave height from 7.5 to 15 feet. While the
equilibrium or maximum potential erosion is greatly affected by the wave height,
for representative storm surge durations, wave height has a small impact on
erosion.

Finally, the numerical results in Table II show that the beach face slope is
a major parameter in determining the extent of the profile change. For any given
water level and wave height, the steepest profile, a 1:10 beach slope and a 1:2
dune slope, exhibits the greatest dune recession and volumetric erosion. Likewise,
the steepest profile shows the greatest advance of the 0' contour, as the contour
must build seaward a greater distance to reach a stable position.

Chiu compared volumetric erosion directly to the beach slope and found a
general trend toward increased erosion in areas of the greatest beach face slope.
While Tocal variations exist, possibly due to the presence of structures due to
the variability in dune heights, it is clear in Figure 34 that volumetric erosion
exhibits a distinct variation with beach slope. Likewise, comparing Figure 34
to Figure 33, it is evident that contour advance or retreat is greatest in areas

of steepest beach slopes.

-68-



-69-

Figure 33

. L

_L ]
Q &

8

=
=1

3

AWANCE (FT)  RETREAT (FT)
H
Q

&

OKALOOSA COUNTY

é. .

8

]

ADVANCE(FT) RETREAT(FT)

BAY COUNTY

SHELL

ISLAND

... . DISTANCE FROM LANDFALL-POINT IN MILES

WALTON COUNTY

'T""\‘\ N }f
Nl |

DISTANCE FROM LANDFALL- POINTS IN MILES '\.\

Contour Advance/Retreat Due to Hurricane Eloise Bay-Walton Counties

(Chiu, 1977)



WALTON COUNTY

20+ Ti0

EROSION (YDFT)
N
AN
\
\
h
L—;?'
[
\
\
\
W
P4
”
-~
@0
m
p-3
o
<
w
&
v
m
BEACH SLOPE(%)

. % 5 3 4 2 0 5 4 6 3 0 12 14 160
= DISTANCE FROM LANDFALL ~POINT IN MILES
1
207 BEAY COUNTY *i0
£ 3
'39‘- PEACH SLOPE - =
g - g 3 &
& o / ~ . o TS @0
a —
8 [~ ~— ‘// j\\ ” ™~ ot Q P t:)
ul S~ EROSION NS - N4 2 8 ’ 2
; N x& / )
0 O /7
. . . , . /
O 4 t 1 + t 4 u } + t=r u (4]
16 8B 20 2 ¥ % B N 32 N g B 60
DISTANCE FROM LANGFALL -POINT IN MILES -

Figure 34 Volumetric Erosion Distribution and Beach Face Slope Variation, Bay- wa]ton
Count1es (Chju, 1977) .



10.

11.

12.

13.

14.

15.

16.

REFERENCES

Bruun, P., "Coast Erosion and the Deveolpment of Beach Profiles,"” U.S. Army
Corps of Engineers, Beach Erosion Board, Technical Memorandum No. 44, 1954.

Bruun, P., "Sea Level Rise as a Cause of Shore Erosion," Journal of Waterways
and Harbors Division, ASCE, Vol. 88, WWl, February 1962.

Burdin, W.W., "Surge Effects from Hurricane Eloise," Shore and Beach, Vol.45,
No. 2, April 1977. '

Chiu, T.Y., "Beach and Dune Response to Hurricane Eloise of September 1975,"
Coastal Sediments '77, ASCE, 1977.

Chiu, T.Y., "Dune Erosion During Storm Conditions," Unpublished, Dept. of
Coastal and Oceanographic Engineering, University of Florida, 1972.

Chiu, T.Y. and Dean, R.G., "Combined Total Storm Tide Frequency Analysis for

Dade County, Florida," Dept. of Coastal and Oceanographic Engineering, University

of Florida, 1981.

Dean, R.G., "Beach Erosion: Causes, Processes, and Remedial Measure," CRC
Reviews in Environmental Control, CREC Press, Inc., Vol. 6, Issue 3, 1976.

Dean, R.G., "Equilibrium Beach Profiles: U.S. Atlantic and Gulf Coasts,
"Ocean Engineering Report No. 12, Dept. of Civil Engineering, University of
Delaware, Jan. 1977.

Edelman, T., "Dune Erosion During Storm Conditions,* Proc. 11th Conf. on
Coastal Engineering, London, 1968.

Edelman, T., "Dune Erosion During Storm Conditions," Proc. 13th Conf. on
Coastal Engineering, Vancouver, 1972,

Fenneman, N.M., "Development of the Profile of Equilibrium of the Subaqueous
Shore Terrance," Journal of Geology, Vol. X, 1902.

Hughes, S., "The Variation of Beach Profiles when Approximated by a Theoretical
Curve, " M.S. Thesis, University of Florida, 1978.

Hughes, S.A. and Chiu, T.Y., "Beach and Dune Erosion During Severe Storms,"
UFL/COEL-TR/043, Dept. of Coastal and Oceanographic Engineering, University of
Florida, 1981,

Moore, B., "Beach Profile Evolution in Response to Changes in Water Level and
Wave Height," M.S. Thesis, University of Delaware, 1982.

Saville, T., "Scale Effects in Two-Dimensional Beach Studies," Trans. 7th
Meeting of Intl. Assoc. of Hydraulic Research, Lisbon, 1957.

Swart, D.H., "Offshore Sediment Transport and Equilibrium Beach Profi]es;"

Publication No. 131, Delft Hydraulics Lab., Delft University of Technology,
1974. _

-71-



17.

18.

Swart, D.H., "A Schematization of Onshore-Offshore Transport," Proci 14th
Conf. on Coastal Engineering, Copenhagen, 1974.

Swart, D.H., "Predictive Equations Regarding Coastal Transports," Proc.
15th Conf. on Coastal Engineering, Honolulu, 1976.

-72-



APPENDIX A

DERIVATION OF IMPLICIT EQUATION OF CONTINUITY

GOVERNING ONSHORE-OFFSHORE EEACH PROFILE EVOLUTION



In ChapterVIII, an implicit finite-difference
formulation for beach profile evolution was developed from-
a consideration.of: (1) the offshore sediméﬁt transport, |
based on.the excess enérgyldissipatiqn per unit volume in
the surf zone, and (2) the onshore-offshore continuity
equation for conservation of sand in the surf zone., This
solution involves a space staggered numericzl scheme where
the change 'in position of an elevation contour, or
horizontal cell of height Ah, over time At, is given as:

5/2 572, . 5/2 _ ,,5/2
Rd(y™" - hy g ) KAy, - By )-!

(A.1)

Ax = KAt
n &h _— — ' Ay T T
(h:'1+ht'1-l) (xn-xn-l) (hn+1+hn) Kl xn) _E

Also, it is recognized that for a static water level, the
position of each contour, n, varies over the time step,

such that the average position, Xn, is given as:

A (2.2)
nn 4n' 2 .
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Substituting Equation-kA,Z) into Equation (aA.1)

results in the rather lengthy expression:

'5, [3 5/2
Ax = KAt l— kd (hn hn 1 ) .

“n ah Ax Axn 1
y 1 - ——

( +h ), +—5 2 - X >

- A - (A.3)
X X
' n+l _ _
(hoyy 0 (g + 35 X~ 73

where the interdependence of adjacent contours is evident.

<
[} { [ ¢ l Y
t i
i {
i |
|
’ l
hn_1 |D h' : ‘ .
N n D
R { ~n+1 h’
. :ly t : . n+1
xn-‘l N N 1 i _é_)_(__‘ 1
AT S
X N P
Xn+1 - >
+ g

FIGURE A.1 DEFINITION SKETCH OF ENERGY DISSIPATION
" AT VERTICAL CELL BOUNDARY
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Froﬁ Figure (A.1l) , the change in position of the
nth contour over a time step is defined by the excess’
energy dissipation in the waier column associated with a2
vertical cell coétaining' the nth contour. 1In Eguaticn
{A.3), the energy diséipation terms at the beginning of
the time step may be identified as:v '

Kd(h;slz - 32

n-1 X ‘ (A.4)

= ¥ 1 .
° (hn * hn—l) (;‘n xn-l)

D

Therefore, the implicit form of the centinuity equatien

may be expressed as:

ay = KA [ P Py ] (A.5)
n Ah Axn—Axn—}. Axn +1-Axn
l+2(x-x ) l+2(x -x_)
n “n-l ntl “n’)

where it is clear that AXn-t , 8Xn, and. AXne are the

only unknowns.

With these unknowns in the denominator of the
right hand :side of-Equation'(A.s), an analytical solution
is difficult, if not impossible, io obtain. Hdwever, if a
Taylor series expansion is introduced, namely:

1 2 3 4 ' (A.6)
l+a"l-a+d°a +G sae .
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then, to the first order:-

Ax - bx
1 =1 - n n-1 (A.7)
Ax_ - Ax: 1 2(x_ - x_ .)
1 + n n- D n-1
2(x_ -3 )
n n-1
Now, Eguation (A.5) may be rewritten. as:
| 1
WD <13 P . . = W PN [A‘:“ﬂ "% )] (A.8)
n  Ah n n Z@n - :cn_l) n+l nkl { 2 &oeg :<n)

where the unknowns are in the numerator. This form may ke

rearvanged,. such that:

D Ax

KAt n“*n-1 oon
Ax, =—= |D. - D + 5o - —
n  Ah {:n nhl ©o2(x mx_0) 0 20k mxo )
Dn+len N Dn+1Axn+l (A.9)

Y - oo -
2(x xn) "('.:n 41 xn)“
and a constant coefficient may be defined as:

2&h ' (A.10)

By grouping like terms, with the unknowns on the left hang

side, the final form of the continuity eguation is:

-Ad-



. BD gD 8D
T R L -2 * 3 n-%x A%y
*n*a-1 n n-l “ntl o

gD ... ‘ ' ‘
n+l
- [ xn +l-xn n+l n n+l .

‘which may be more clearly given as:

Al dx o, +B dx +C oAax =2 (A.12)
where
8D
A = owo—D_ : (A.12a)
n X - X ’
n n-1 -
8D 8D » '
B = 14— LR ntl (A.12k)
n *n T ¥al *nrl T ¥ .
D :
C = - _Pa (A.12c)
n Xn+l - xn
= - A.124
z zs(nn Dn'+1} ( )
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As a final note, the expression, Deq-Deq=0, may be
.added to both sides of Equation (A.12); thus, the driving

term, IZn, may be defined as:
2 =25[Dn"Deq'Dn+1"-'D } (A.13)

or

23

a - =2 - A.l
24 K (an+1 Qsy; (A-14)

where the sediment transport flux across the vertical cell

boundaries is now included for convenience,.
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APPENDIX B

LISTING OF COMPUTER PROGRAM
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EREACH FROGRAM
DAVID KRIEREL--UNIVERSITY OF DELAWARE--AFRIL 1982

THIS FROGRAM CALCULATES THE TIME-DEFENDENT REACH-DUNE EROSION
USING THE EQUILIBRIUM REACH FROFILE THEORY OF ROBERT G. DEAN.
ACCORDING TO THIS THEORY, THE EQUILIBRIUM FROFILE SHAFE RESULTING
FROM THE UNIFORM WAVE ENERGY DISSTIFATION FFR UNIT VOLUME IN THE
SURF ZONE IS OF THE FORM:

H = A% (X%#x{(2/3))
WHERE H IS THE WATER DEFTH AT SOME DISTANCE X i .i0M THE SHORELINE
AND A IS A FARAMETER DESCRIRING THE PROFILE STEEFNESS. A SEDIMENT
TRANSFORT RELATIONSHIF MAY RBE FPROFOSED SUCH THAT THE VOLUMETRIC
FLUX OF THE ONSHORE-DFFSHORE SEDIMENT TRANSFORT IS EXFRESSED IN
TERMS OF THE EXCESS ENERGY DISSIFATION IN THE SURF ZONE; THUS:

QS = Kx( D~-DISSE )
WHERE K IS AN EMFIRICAL TRANSPORT PARAMETER, D IS THE ENERGY
DISSIFATION FER UNIT VOLUME, AND DISSE IS THE EQUILIRRIUM VALUE
OF D. THIS TRANSFORT EQUATION IS SOLVED SIMULTANEOQUSLY WITH THE
ONSHORE-OFFSHORE EQUATION OF CONTINUITY FOR THE CONSERVATION OF
SAND IN THE SURF ZONE:

(DX/DT) = (DRAS/DH)

0% mm 40e0 oss PG Srta SNIE S7S G0s BTEE G4et eRT €008 $003 BATS SE0S S4B POD TN 0F CHNE BAMU INO% Smne SHAS $OUm Noen G400 $O4N G404 S04 TIss S00S Kine S906 Sed FOTS IS TP FESE CUAE Sed TR SEE SEP SO A SuS miwa FOrE SeUS S008 BPYS PERE SHNE 4008 FRES L4 WSt Gutd Tout Smpe Fee i Sume 000 P0b

REQUIRED INFUT: ‘ -
(1) SCHEMATIC REFRESENTATION OF INITIAL BEACH FROFILE, WITH:

AY CONSTANT DUNE HEIGHT

B) UNIFORM LINEAR DUNE FACE SLOPE

C) INITIAL ERERM HEIGHT -0R- ELEVATION OF CHAMGE IN SLOFE
FROM DUNE FACE TO RBEACH FACE (¢ USUALLY THE VEGETATION
LINE ELEVATION) _

DY UNIFORM LINEAR BEACH FACE SLOFE

E) OFFSHORE FROFILE OF THE FORM A%(X%%(2/3)) WHICH
INTERSECTS THE LINEAR REACH FACE AT SOME DEFTH, HSTARI,
SUCH THAT THE FROFILE SLOFPE CONTINUOQUSLY DECREASES IN
THE OFFSHORE DIRECTION.

(2) STORM SURGE HYDROGRAFH:
A) SURGE LEVEL FROM MSL RECORDED AT ONE-HALF HOQUR INTERVALS

(3) BREAKING WAVE HEIGHT:
A) CONSTANT ESTIMATE OF DESITGN WAVE HEIGHT, -0OR-
B) ORSERVED OR ESTIMATED WAVE HEIGHT AT ONE-HALF HOUR
INTERVALS.

GENERATED QUTRUT:
(1) BEACH FROFILE CROSS-SECTION AT TIME OF MAXIMUM EROSION,
(2) CONTOQUR ADVANCE OR RETREAT FOR SPECIFIC ELEVATIONS,
(3) WOLUMETRIC EROSION IN CUBIC YARDS FER LINEAR FOOT. .
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COORDINATE SYSTEM:
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(1)

(2

(3)

DISTANCES (X DIRECTION) ARE FOSITIVE SEAWARD OF SOME
ARBITRARY BASELINE DATUM -

ELEVATIONS (Y DIRECTION) ARE FOSITIVE RELOW THE WATER LINE
A DISCRETE FROFILE REFRESENTATION IS USED WITH UNIFORM
VERTICAL CELLS OF WIDTH, DH = 0.5 FEET. MIDFPOINT OF EACH
CELL IS DEFINED BY THE GRID NUMEBER, N, SUCH THAT N={ AT
THE TOF OF THE DUNE, N=NMAX AT LAST FPOINT OFFSHORE.

INFUT VARIARBLES:

DISSE = EQUILIBRIUM ENERGY DISSIFATION FER UNIT VOLUME;
OBTAINED FROM THE "A" FARAMETER FROM THE FROFILE
SHAPE.
HDUNET = AVERAGE INITIAL ELEVATION OF TOF OF DUNE IN FEET
RELATIVE TO MSL; NOTE: MUST HAVE NEGATIVE SIGN.
HBERM = AVERAGE INITIAL ELEVATION OF TOF OF BERM -OR-
BREAK IN SLOFE BETWEEN DUNE AND RBEACH SLOFES (USUALLY
THE ELEVATION OF THE VEGETATION LINE); NOTE: MUST HAVE
NEGATIVE SIGN
ADUNET = INITIAL HORIZONTAL DISTANCE FROM RBASELINE DATUM TGO
CREST OF DUNE IN FEET; NOTE: MUST EE POSITIVE NUMBER.
XBERM = INITIAL HORIZONTAL DISTANCE FROM RASELINE DATUM TO
CREST OF RERM -0OR- BREAK IN SLOFE BETWEEN DUNE AND
BEACH FACE, IN FEET
NBERM = GRID NUMBER 0OF RERM CREST -0OR- RREAK IN SLOFE IF
NO BERM IS& FRESENT IN THE INITIAL FPROFILE. NOTE: MUST
BE AN INTEGER; N=1 AT TOF OF DUNE AND INCREASES RY {1 FO
EACH 0.5" DECREASE IN ELEVATION.
EXAMFLE: IF HDUNET=~{8.0' AND HRERM=-7.0', THEN
NBERM=1+INTEGER((18-7)/0.5)=23
XMD = UNIFORM LINEAR DUNE FACE SLOFE IN DECIMAL FORM (FT/FT)
AMR = UNIFORM LINEAR BEACH FACE SLOFE IN DECIMAL FORM (FT/FT)
HSTARI= DEFTH OF INTERSECTION OF LINEAR BEACH FACE SLOPE AND

L.TH

EQUILIBRIUM FROFILE; ESTARLISHED AT THE FOINT OF
TANGENCY SUCH THAT SLOFE DECREASES IN OFFSHORE DIREC-
TION; USED TO DEFINE THE TRANSITION BETWEEN DYNAMIC
AND GEOMETRIC SOLUTION REGIONS. MNOTE: MUST BE ROUNDED
TO NEXT GREATER DEFTH IMN 0.5' INCREMENT.

AX = MAXTIHUM VaLUE OF THE TIME COUNTER, LTIME, USED TO
IDENTIFY TIME DEFENDENT STORM SURGE ELEVATION.
LTIME=0 AT T=0 HOURS,LTIME=LTHAX FOR FINAL WATER LEVEL
DATA FOINT. LTIME INCREASES RBY {1 FOR EACH ONE-HALF
HOUR INCREASE IN REAL TIME. )

WSEL(LTIME)=STORM SURGE LEVEL RELATIVE TO MSL AT TIME STEF LTIME;

NOTE: FOSITIVE FOR WATER LEVEL INCREASE



WH = DESIGN BREAKING WAVE HEIGHT IN FEET; CONSTANT VALUE.
WAVECLTIME)= BREAKING WAVE HEIGHT AT TIME STEF LTIME

6 3696 3636 3036 I A6 M6 26 3 I 6 I TEIE 36 I6 96 I 30 I I6 I 36 I 063 I6IE IE I IE T IE I I 36 6 96 36 I6IE W6 K ICIEIE W I IR I WL, B W W WK KN

GaOooan

DIMENSTON Hi<(0:250) ,H(0:250),X1(0:250),X<(0:250),DELX(0:250)
DIMENSION DISS(0:250),85(0:250),Q4{0:250),E(0:250),F(0:250)
DIMENSTION SUMVOL(0:2350) ,WSEL(0:250) ,WAVE(O:250)

REAL K&

REAL KD

CHARACTER%*8 FROF

LCo===FORMAT STATEMENTS FOR INFUT//OUTFLIT mor oo o o oo o o o o e e e
C
P20 FORMAT (41X, 'ERQODED VOLUME EQUALS',F10.2, ' CURIC YARDS/FT',//)
921 FORMAT(IX, 'TIME = ',F&.2,/)
P25 FORMAT(IX, "GRID', 94X, "INITIAL',1X, 'INITIAL',1X, 'UFPDATED',
2X, 'UFDATED ', 2X, "ENERGY ', 3X, 'SED. ', 4X, 'DELTA' ,4X, 'CUM. ', /,
"POINT', 3X, 'ELEV',4X, 'DIST', 4X, 'ELEV',4X,'DIST',
4X, 'DISS',4X, 'TRANS', &X, 'X' ,8X, 'vVOL',/)
930 FORMAT(IS,5F8.2,F8.4,2F8.2) ‘
233 FORMAT (X, 'TIME',3X, 'SURGE',3X, 'WAVE' ,21X,
"CONTOUR ADVANCE/RETREAT',21X, 'ERODED',4X, 'CHECK',/,
X, "HEIGHT' 41X, 'HEIGHT' ,5X, 'DUNE' ,5X, '20 FT',
S3X, "153 FT' ,5X, {0 FT' ,86X, '3 FT' ,&X, 'MSL' ,6&X,
'VWOLUME' 33X, 'CONTINUITY®',/)
?40 FORMAT(F&6.1,F8.2,F7.1,7F10.2,F10.1)
?435 FORMAT(YX, 77//77)
750 FORMAT(?X,F7.2)
P60 FORMAT(F6.2)
@73 FORMATC'PROFILE', 35X, 'DUNE' ,{0X, 'BERM' ,7X, 'BEACH',4X,
i 'DUNE" ,/,9X, 'ELEV' ,3X, 'DIST' ,3X, 'ELEV' ,3X, 'DIST',
2 3X, 'SLOPE' ,3X, 'SLOFE',/)
280 FORMAT(AB,FB8.1,3F7.1,2F8B.3,//)
290 FORMAT(AB, 2F6.0,F6.1,F6.3,F6.1,2F86.0,Fb6.1,F86.3,F6.3)
C .

IS IR B

BRI -

L s LN LT D) T A o o e e ot s et e e _
C
c EQUILTERIUM RBEACH PROFILE SPECIFICATIONS
G :
707 CONTINUE
c
READ(10, 999, END=777) FROF, XMSL, XBERM, HRERM, XMR, HDUNEF , XDUNEF,
i XDUNET , HDUNET , XMD, SMUL.T
C
WRITEC(S, 990) FROF, XMSL, XBERM, HRERM, XMR, HDUNEF , XDUNEF ,
i XDUNET, HDUNET , XMD, SMULT
C
REWINDC(1)
WRITE(Z,?75)
WRITE(4,973)
WRITE(4,980) FROF,HDUNET, XDUNET, HBRERM, XBERM, XME, XMD
WRITECE, 280) FROF, HDUNET , XDUNET , HRERM , XRERM , XME, XMD L
WRITE(4,?35)
c
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DISSE=44.32%(A%%1.5)
DH=0.5

BRERM AND DUNE SFECIFICATIONS

ono

HDUNET=-HDUNET

HEBERM=~HRERM
NMAX=31+IFIX((~HDUNET+30.)/0.5)
NEBERM=1{+IFIX (-~ {HDUNET-HRBERM)/0.5)
NDUNEF=NRERM-1

C COEFFICIENTS FOR ENERGY DISSIFATION AND SEDIMENT TRAMSFORT EGNS.

KD=55.24
KR=0.001144

TIME CHARACTERISTICS

OO0

T=0.0
LTMAX=23

INITIAL VALUES

OO0

NSTOF=NEBERM

NFLAG=Q

MTWE=0

MFIF=0

NGOTO==1

IF(XRERM.LT.1.0) NGOTO=2

SELECT INFUT FORMAT FOR WAVE HEIGHT
IF TWAVE={, USE CONSTANT WAVE HEIGHT, SET WH VALUE RELOW
IF IWAVE=2, READ WAVE HEIGHT DATA AT ONE-HALF HOUR INTERVAL

TWAVE=1

O oo 0On

IF(IWAVE.EQ.1) WH=15.0
c
Cr===ESTABLISH INITIAL PROF TLE o o o oo oot e o o e e e

DO 140 N=1,NMAX
HY (NDY =HDUMET +DH»® (N-1)
WRITEC(H, 14200N, HI (NJ , HT (N=~1), HDUNET
1120 FORMAT(I3,FB.2,F8.2,F8.2)
IF(NLLELNDUNEF) GO TO 103
IF(HE OND GONELHRBERM) GO TO 99

G :
c IF FROFILE HAS WIDE RERM, USE 102 IN NEXT GO TO
e IF PROFILE DOES NOT HAVE RERM, USE 103 IN NEXT GO TO
c
GO TOC102,103) NGOTO
C
?9 IF(HE (Y LLEVHSTARIY GO TO 104

HA=HE (N) %52 . 5~HT (N~1)%%2.5
HE=H (M) +H1 (N-1)
XH=(KD*HA) /{HRE*¥DISSE?
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Xi(NY=X1 (N-1)+XH
GO TO 109
in2 X1 (N)=XBERM
GO TO 109
103 XU CNI=XDUNET+(HY (N)~HDUNET)Y /XMD
GO TO 109 '
104 XA (N =X (NRERMY+ (H1 (M) -HBERM) /XMR
GO TO 109
109 XN =X1 (D
H{N)=H1 (N)
IF(HI(ND LER.9.0) MSL=N
IF(HTI (N) LER.-5.9) MFIV=N
IF(HI(N) LER.~-10.0) MTEN=N
IF(HI(ND LER.~15.0) MFIF=N
IF(HI(N) LER.~20.0) MTWE=N
10 CONTINUE

RECORD INITIAL FROFILE

OO0

IF(T.EQR.0.0) GO TO 999
P97 CONTINUE
[
(096 96 36 36 36 36 96 96 9636 36 96 I8 36 36 36 96 96 36 96 36 36 36 36 3696 96 9 36 39696 36 36 96 36 3636 36 0% 36 36 36 6 6 96 96 36 1696 96 36 96 36 36 96 3676 36 36 3 3 36 3 36 36 o 36 9 3¢
c :
c CALCULATE CHANGE IN FROFILE FOR GIVEN WATER LEVEL AND WAVE HEIGHT
C
C : :
C———-BEGIN MAIN TIME LOOF IN INCREMENTS OF ONE-HALF HOUR———e——————————
C

DO 1 LTIME=1,L.TMAX

READ STORM SURGE LEVEL AT EACH TIME STEF

aaon

READ(1,950) WSEL(LTIME)
WRITE(S,9250) WSEL(LTIME)
WSEL (LTIME)=WEEL (LTIME) #SMULT

READ WAVE HEIGHT AT EACH TIME STEF UMLESS CONSTANT
FORMAT OFTION IS USED SUCH THAT WH=CONSTANT

aaaoan

IF(IWAVE.ER. 1) GO TO 400
READ(2,960) WAVE(LTIME)
WH=WAVE (LTIME)

490 CONTINUE

c UFDATE REAL TIME IN INCREMENTS OF 0.5 HOURS

T=T+0.5
AFFROXIMATE THE STORM SURGE TO MEAREST 0.5 FEET AND
DETERMINE INCREMENTAL CHANGE IN WATER LEVEL, DELWS

NOTE: FOR QUTFUT, WSELEV CONTAINS ACTUAL STORM SURGE LEVEL,
WSELCLTIME) IS ALTERED TO CONTAIN AFFROX. SURGE LEVEL

QOGO On

WS=0.0
WSEL(O)=0.0
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WSELEV=WSEL (LTIME)

C
DO 200 K=1,30
IF(WSELEV.LE.WS) GO TO 201
WES=WS+0.5
200 CONTINUE
201 WSEL (L. TIME)=WS
C
DELWS=WSEL(LTIME) ~WSEL{(LTIME~1)
c
c UFDATE DEFTH AT EACH TIME STEF
C
DO 300 M=1,NMAX -
H{N)=H(N)+DELUWS
300 CONTINUE
c :

C---~SET SECONDARY TIME STEF TO AVOID NUMERICAL INSTAEILITY-—-————————-
c

IF (HCNBERM) LGE.0.0) GO TO 114

DT=600.0

JTHAX=3

GO TO 112

CONTINUE

DT=100.0

JTHAX=18

CONT INUE

-
e
-ty

s
+J

BEGIN SECONDARY TIME LOOF USING DT IN SECONDS
NOTE: TOTAL REAL TIME SIMULATED IN FOLLOWING LOOF MUST
EQUAL ONE-HALF HOUR

DO 2 JTIME=1,JTMAX

~-==DETERMINE RBOUNDARY CONDITIONS LIMITING WIDTH OF ACTIVE FROFILE-—-—-

ESTARLISH OFFSHORE LIMIT TO SURF ZONE AT BREAKING DEFTH
DEFINED RY THE SPILLING RREAKER ASSUMFTION

EDPT=1.30%WH

e} GOoOOOQan oo ao-—~

DO 113 N=1,NMAX :
TFCHOND) LGELBDFTY LAND L (HAN=-1) LLTLRDFTY ) NEREAK=N--1{
13 CONTINUE

ESTABLISH ONSHORE LIMIT TO SEDIMENT TRANSFORT AND ESTABLISH
THE TRANMSITION DEFTH, HSTAR, BETUEEN DYNAMIC AND GEOMETRIC
SOLUTIONS .

agoaaon->

IF(H{NBERM).LE.Q.0) GO TO 114
IF(H(NBERM) .GT.0.0) GO -TO 115

IF WATER LEVEL IS ON REACH FACE, SET HSTAR EQUAL TO ORIGINAL
TRANSITION DEFTH, HSTARI o
IF WIDE BERM IS PRESENT, SET NSTOF EQUAL TO NRERM )

IF BERM ERODES -OR~ IF NO RBERM IS FPRESENT, NSTOF EQUALS 1 AT TOF

ooaoan
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C OF DUNE

114 HETAR=HSTARI
NSTOF=NRERM
IF COXONBERM)Y X (NBERM~1)) LLE((O.3/XMD)Y+0.2)) NFLAG=1
IF(NFLAG.ERL 1) NSTOF=1 :
GO TO 118

IF WATER LEVEL IS ON DUNE FACE, TRANSITION DEFTH VARIES WITH
THE BRERM WIDTH:

IF WIDE BERM IS FRESENT, HSTAR ERUALS WATER DEFTH AT NRERM, AND
NETOF IS EQUAL TO NEERM-~ THIS ALLOWS BERM TO ERODE QUICKLY.

IF RBERM ERODES -0OR- IF NO BERM IS FRESENT, HETAR EQUALS ZERO
AND NSTOP IS EQUAL TO 1 AT TOF OF DUNE

-~ QOO0

i5 HETAR=H{NEERM)
NSTOP=NRERM
KHECRIT=( (H(NRBERM) #%#2 . 5~-H{(NBERM~1 ) ®#%2.53)xKD) /

1 C(HONRERM) +H(NBERM-1) ) *DISSE)
TFOOXONBERM) ~X (NRERM=-1) ) . LE.(XHCRIT+0.2)) NFLAG=1
IF(NFLAG.EQ.1) GO TO 116
GO TO 148

116 HSTAR=0.0
NSTOF=1
GO TO 1418

IF SOLUTION RESULTS IN DUNE ACCRETION, RESET HITAR AMD MNETOP
SUCH THAT ONLY BERM RERBUILDS, THUY DUNE EROSION IS FERMANANT

- 000

i7 CONTINUE
CIFC(H(NBERM) LGT.0.0) HSTAR=H{NEBERM)
NSTOP=NRERM
118 CONTINUE
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CALCULATE ENERGY DISSTIFATION FER UNIT VOLUME AND
SEDIMENT TRANSFORT FLUX IN SURF ZONE

goaaqaaann

DO 121 N=1,NMAX

IF(HONY LLELHSTAR) GO TO 149

IF(HON) LGTOHANBREAK) Y GO TO 149

HA=H (M) #%#2 . 5~HIN-1 ) ¥x2.5

HB=H{NY+H{(N-1)

HC=X (N =X{(N~1)

DISS(N)=(KD#HA)/ (HE*HC)

RS(N)=KQ*(DIST(N)-DISSE) .

GO TO 1290
119 DISS(N)=0.0 -

RE(NI=0.0 .
120 A1 {NY=RS (ND
121 CONTINUE

c APFLY SMOOTHING FUNCTION TO SEDIMENT TRANSFORT CURVE

RY



C FROM TRANSITION DEPTH, HSTAR, TO HEYOND RREAKING DEFTH

DO §37 N=2, NMAX
IF(H(NY LLELHSTAR)Y GO TO 138
QAS(NI=0, 1 #Q1 (N=-2)+0., 15%G1 (N-{ ) +0.5xQf (N +
1 O.15%Q1 (N+§)+0 1204 (MN+2)
IFHONDY LGTLOHO(NBREAK+2)) GO TO 138
DISS(N)=DISSE+QS{(NI/KR
IF((RSIN).NE.O.0) . ANDL(RS(N-1).ER.0.0)) GO TO {39
GO TO 137
138 RE(NI=1 (N)
DISS(NI=0.0
Ga TO 137
§39 RBR=GS(N)
NRG=N .
137 CONTINUE

EXTEND SEDIMENT TRANSFORT CURVE LINEARLY FROM TRANSITION DEFTH
TO ZERO AT NSTOF TO SATISFY CONTINUITY RETWEEN DYNAMIC
AND GEOMETRIC SOLUTION REGIONS.

ooaooan

RRA=AR/ (NQR-NSTOF)
QASINSTOF)=0.0
MA=NSTOF+1
NE=NRE -1

DO 134 N=NA,NR
RASN) =R (N~1) +QQR

136 CONTINUE
C
C-==~CALCULATE COEFFICIENTS FOR DOUBLE SWEEP SOLUTION= = o e
C OFFSHORE SWEEF NUMBRER
o :
G _

EDT=DT/(2.0%DH)

NE=NMAX~1

DO 130 N=1,NH

IF(NLERLTY GO TO 128
XA=X(N) =X (N-1)
XEBE=X{N+{)=-X(N)

127 AN=-BDTxKA®DISS (NI /XA
EBN=1 . Q+BDT#KG® (DISS (NI /XA+DIST(N+1) /XHE)
CN=-BDTxKQ%DISS(N+1) /XR
ZMN==(BDT/0.5) % (AT (N+§ ) ~-RIT(NI)
O TO 129

128 E(1)=0.0
F(i)=—(BDT/0.3)%(QS(2)-RA5{(1))
XR=X(N+1)-X{NY - '

XA=XH
GO TO 427
129 E(N+1 ) =~CN/ (BN+AN®E(ND )

FON+HE )= (ZN-AN®EF (N )/ (BN+AN®E(ND )
130 CONTINUE .
c :
Cm——-CALCULATE CHANGE IN POSITION OF EACH GRID FOINT—— = e e e

k8



c ONSHORE SWEEF NUMBER 2

NE=NMAX~1{
DELX(NMAX)=0.0

DO 140 M=1,NR
N=NMAX—~(¥-1)
DELXAN=-1)=E{(N)%2DELX{N)+F(N)
140 CONTINUE

TS ISP Bihe eis $amd meem Gacs meed veut 4504 1406 $U08 000 S400 PIE B4 GE00 SRS Sokt G446 SH0e SONS BeGd SIS BAEE H6M. 40q SHE1 06 Serw Fesh REPS AES 408 SH6H S0S6 S946 brse Sead Tem Tetw SOS DISY HSN RATE ROVE 444E 4PIE $640 FEle UGS S0SG Sosd Sere FSIY S4eS MEE SRR Aees 404t MR Mete Seme earm Seat Saee Beew Meve ebt sams

C

c

Cc DYNAMIC SOLUTION IS COMFLETED, NOW AFFPLY GEOMETRIC CRITERIA
c TO MAINTAIN SHOOTH PROFILE AND CONTINUITY
c
c
c
C

O 0440 oame setn TEL Vaas ead Bed G G006 G0NE Gebe Sasd beed Rieb APeN Siee 000 S40% 400s 0N GMS HHes Veir LGP S004 S4ea 0N 404D $434 460 Sess BebE eas SPOR $400 100N SSSe PHOS T Sore SURS $406 SBED 500 SIS S4se berd S0ed Sl L0 Bowe mies Smy B00¢ POES IS B SN RaUE MRS 00 SHLE i e amme fove Pr0e Fare H00r

ESTABLISH OFFSHORE SLOFE TO LIMIT CELL GROWTH AT BREAKING DEFTH

XCRIT=0.33/XMR
NA=NRREAK~3
NE=NEREAK+{0

DO 144 NN=1,5
KOUNT=0
DO 143 N=NA,NR
AFOR=X{N+1)+DELX{N+1)
XBAC=X(N) +DELX{N)
XCHECK=XFOR~-XERAC
IF(XCHECK.LLT. (0. 8xXCRITY) GO TO 142
GO TO 143
i42 KOUNT=1
XDIFF=XCRIT-XCHECK
DELX(MY=DELX{N)~-XDIFF/2.0
DELX(N+{)=DELX{(N+{)+XDIFF/2.0
143 CONTINUE
IF(KOUNT.GT.O) GO TO 144
GO TO 145
i44 CONTINUE
145 CONTINUE

ESTABLISH UNIFORM REACH FACE SILLOFE AND DUNE FACE SLOPE

SUCH THAT CONTINUITY IS SATISFIED AND ERODED VOLUME EQUALS

DEFOSITED VOLUME

NOTE: FROM THIS FOINT ON, WE ARE ONLY CONCERMED WITH FIMNDING
FROFILE CHANGE IN REACH-DUNE REGION

goooaan

IF(DELWS.LT.0.0) GO TO 151
TFOHONBERMY JGT. 0.0 JAND L INSTOF L HNEL 1Y GO TO 1923
TFCCHOMBERM) LGT.0.0)LAND L (DELWS.GE.6.0)) GO TO 150
GO TO 154

150 IF(HETARLER.H(NEBERM) ) HSTAR=H{(NBERM~1)

151 CONTINUE

DETERMINE VOLUME REQUIRED TO SATISFY CONTINUITY o
RY FINDING MET CHANGE IN VOLUME RBETWEEN ORIGINAL : )
FROFILE AND CURRENT FROFILE IN DYNAMIC SOLUTION REGIOM

OO0

R



C BETWEEN OFFSHORE FOINT AND TRANSITION DEFTH, HSTAR.
SUMVOL (NMAX+1)=0,0

DO 140 M=1,NMAX
N=NMAX~ (M1
VOL=DH® (X (NI +DELX (MY ~X1 (N))
SUMVOL (N)=SUMVOL (N+1 ) +VOL
IF(H(N) LERLHSETAR)Y GO TO 144
160 CONTINUE
164 NSTAR2=N
DELSUM=~SUMVOL (NSTAR2+1)

DETERMINE VOLUME ERODED IN FREVIOUS TIME STEFS IN ONSHORE
ONSHORE FORTION OF THE FPROFILE

HAVSUM=0.0

(99 1o M Ry

DO 170 N=1,NSTARD2
HAV=DH® (X{NY-X1 (N))
HAVSUM=HAVSUM+HAY

170 CONTINUE

DSUM=DELSUM~HAVIUM

DETERMINE INCREMENTAL CHAMGE IN VOLUME FOR CELLS AROVE WATER LINE
TO SATISFY (1) UNIFORM SLOFE RERUIREMENT, AND (2) CONTINUITY

oo

DELX(NSTARZ2)=DSUM/ ((NSTARZ~-NSTOF+1)%DH)

]

DO 180 M=1,NSTAR2
N=NITAR2~(M-1)
DELX(N)=DELX(NSTARZ)
IF(NL.LT.NSTOP) DELX(N)=0.0
VOL=DH* (X {N) +DELX{N)-X1(N)) -
SUMVOL (M) =SUMVOL (N+1 ) +V 0L

CONTINUE

©
Lo

IF SOLUTION RESULTS IN DUNE ACCRETION, REFEAT CALCULATIONS
WITH ACCRETION LIMITED TO BERM AND EBEACH FACE

~0
o

IF(DELX(1).GT.0.0) GO TO 147

UFDATE FOSITIONS OF EACH GRID FOINT IN ENTIRE FROFILE

OO -NOoO00 -

DO 466 N=1,NMAX
X CN)=X (N)+DELX(N)

666  CONTINUE
C | |
Cﬂ****%%**%%*%%**%%****%%%*%*%%%%%%***%%%%%%%%***%%%%**%**ﬁ%*%**%******
C
C  OUTPUT TO RECORD EROSION STATISTICS
C
C*%N**%**%%%*%%%%%M%**%%%**%*%*%%%*%%%***%*%%%%%%%%%**%%%*%**%ﬁ*%*ﬁ***ﬁ$
C - ;
999  CONTINUE

RO



C FIND CONTOUR LOCATION

X20=0.0

Xi3=0.0

ADUNE=X(1)-X1(1)

TF(MTWE .NE.O) X20=X{MTUE) ~X1 (MTWE)
IF(MFIF.ONE.O) Xi5=X(MFIF)-X1(MFIF)
X1 O=X(MTEN)-X{ (MTEN)

X5=X(MFIV)~-X{ (HMFIV)
XMIL=X (ML) X1 (MSL)
VOLCHK=SUMVOL (1)

FIND ERODED VOLUME

g Rw N

NVOL=1
DO 500 N=1,NMAX _
IF (SUMVOL (N ) L LT, SUMVOLCND ) MVOL=N
TF ( SUMVOL (MVOL)Y .GT. SUMVOL (NVOL) ) NVOL=MVOL
560  CONTINUE
VOLERO=SUMVOL (NVOL) /27.

0

IFC(TANEZ26.0) JANDL (TLNEL30.0)) GO TO 998
IFCATIMELTLJTHAXY GO TO 998
c
Crm=—WRITE STATEMENTS====REACH FROFILE DAT A= o o i o e e e
c
WRITE(3, 92107
WRITE(Z,?20) VOLERO
WRITEC(3,?223)
WRITEC(S, 230) (N, HE (N, XTI (ND L HOND L XOND) L DISS(N)Y QS (N),
1 DELX(N), SUMVOL (NY , N=1,75)
WRITE(E,945)

98  COMTIMNUE

CONTINUE
wm==WRITE STATEMENT==--=TIME HISTORY OF STORM SURGE AND RECESSION~—————-

WRITE(4,940) T,WSELEV,WH, XDUNE, X20,X15,X10,X5, XMSL., VOLERD, VOLCHK

] OQOoOOrROON0

IF(T.EQR.0.0) GO TO 997

CONTINUE

-~ 0

0 TO 707

~-J
~J

CONTINUE -

-0

STOF .
EMD
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